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bstract
This work which is in the fire safety framework is focused on a numerical study of the production of soot in a laminar diffusion
ame, under different conditions of micro-gravity in unsteady regime. It is intended to evaluate the temperature and rate at which the
roduction of soot is predominant, to quantify their concentrations and volume fraction in dispersion. It has been accomplished by
odification of the ReactingFOAM application source code of the OpenFOAM-2.3.0 by introducing for the first time, the equations
f concentration transport and of volume fractions of soot. The results of the different values of gravity obtained are compared with
he normal value of gravity and we ascertain that the results obtained were satisfactory and show the ability of the code to predict
he speed and temperature of the formation of soot, their concentrations and their volume fractions. The maximum peak of the
olume fraction varies from 7 ×  10−8 to 4.5 ×  10−6. The maximum temperature, which was 2423 K before changing the code, is
bout 2410 K after implementation of our modifications due to the taking into account of the numerical model.
 2015 The Authors. Production and hosting by Elsevier B.V. on behalf of Taibah University. This is an open access article under
he CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
 safetyeywords: Generalized fire; Diffusion flame; Dispersion of soot; Fire
.  Introduction
Soot is an atmospheric pollutants formed during fire,
hich cause respiratory diseases and increase risk ofPlease cite this article in press as: A. Mbainguebem, et al. CFD stu
under conditions of micro-gravity in fire safety, J. Taibah Univ. Sci
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in flames and smokes resulting from incomplete com-
bustion of its components, while, the radiative transfer
onto which these particles strongly contribute pilots the
propagation of flame in the absence of gravity. Many
researchers are interested in the understanding of soot
phenomenon: Lee et al. [1] in an experimental study
confirmed that the rate of reaction with respect to the
temperature of the formation of soot and the partialdies of soot production in a coflow laminar diffusion flame
. (2015), http://dx.doi.org/10.1016/j.jtusci.2015.12.007
behalf of Taibah University. This is an open access article under the
pressure of oxygen. Olson et al. [2] measured temper-
ature emission and volume fraction of soot found in the
laminar flame in a test of 43 hydrocarbons. The propa-
gation and extinction of flame in an under-ventilated and
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Nomenclature
Cp Mass capacity m2 s−2 K−1
Cα Nucleation constant kg−2 m3s−1 K−1/2
Cβ Coagulation constant m3 s−1 K−1/2
Cγ Surface constant kg−2 m3 s−1 K−1/2
Cδ Nucleation coefficient
fv Soot volume fraction
gi Gravity m s−2
¯h  Mass enthalpy m2 s−2
¯hc Chemical enthalpy kg m2 s−2
¯hs Sensitive enthalpy kg m2 s−2
MW Molar mass g mol−1
ns Soot concentration m−3
NA Avogadro number at mol−1
P  Pressure kg m−1 s−2
Pth Theoretical pressure kg m−1 s−2
Pd Differential pressure kg m−1 s−2
Prt Turbulent Prandtl number –
QRi Radiated energy kg m2 s−2
R  Constant of perfect gases
kg m2 s−2 mol−1 K−1
Sct Schmidt number
t Time s
Tα Temperature K
Tα Activation temperature of nucleation K
Tγ Activation temperature of increase K
u¯ Average velocity m/s
u′ Fluctuating velocity m/s ¯XFu 0.07
Greek letter
μt Turbulent dynamic viscosity kg m−1 s−2
v  Kinetic viscosity m2 s−1
vt Turbulent kinetic viscosity m2 s−1
ρ  Density of the fluid kg m−3
ρsuies Density of soot kg m−3
Abbreviations
RAS Reynolds average simulation
PDF Probability density function
rotational, gradient, laplacian, temporal derivatives [15].LES Large eddy simulation
over-ventilated enclosure is recently studied in numer-
ical view point by Kagou et al. [3]. Mouangue et al.
[4,5] and Moss [6] went through a revision of soot
production model, by carrying out tests on many com-
bustibles (fuel) in order to empirically determine somePlease cite this article in press as: A. Mbainguebem, et al. CFD stu
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constants and ascertain that the surface growth depends
on soot’s density. Kennedy Ian [7] used an equation
method of conservation of volume fraction of soot in PRESS
versity for Science xxx (2015) xxx–xxx
other to describe the formation and oxidation of a lam-
inar diffusion flame of ethylene-air. Di Martino and
Cinque [8] modeled the formation of soot in a diffu-
sion flame under the influence of turbulence. Morvan
et al. [9] have derived a Probability Density Function
(PDF) approach for the numerical simulation of the
floatability of particles in a methane-air diffusion smoke.
Smooke et al. [10] measured the volume fraction of
soot as well as the different concentrations of acety-
lene and benzene in fuel (methane), within the coflow
laminar flame diffusion zone. Melissa and Arvind [11]
and afterwards Bijan et al. [12] have quantified soil
particles through their volume fractions by numerical
simulations. Arup [13] evaluated the temperature, the
speed of soot formation in a diffusion flame under micro
gravity conditions of five (5) different values: 0.1 g,
0.25 g, 0.5 g, 0.75 g; and 1 g in a coflow configuration
of methane combustion in air. He observed that at very
small values of gravity, soot concentration is limited
and increases significantly within values of 0.25 g and
1 g. Wang [14], in a numerical simulation modeled the
floatability of soot particles and the formation of carbon-
monoxide in a turbulent diffusion flame in two vertical
walls, by coupling the soot production model and its
radiation mechanism under the Large Eddy Simulation
(L.E.S) model approach. He confirmed that coupled sim-
ulations of gas/soot/radiation of flames permitted the
evaluation of the radiation effects on the structures of
flames.
The present work consists of studying soot produc-
tion by implementing the soot production model under
the OpenFOAM environment. It consists of implemen-
ting for the first time, the soot production model by
modifying the source code of this tool. This part of
the development at the numerical tools and their inte-
gration to take into account, the effects of soot in
the investigations. The terms of nucleation, coagula-
tion and growth surfaces have been considered without
oxidation.
2.  Numerical  model
The numerical simulation model is based on the use of
the code of open access calculation OpenFOAM 2.3.0.
OpenFOAM produced by OpenCFD and stabilized in
2004, is free under license GNU-GPL Linux environ-
ment. This structure in the form of classes permits to get
closer to mathematical notations in terms of divergence,dies of soot production in a coflow laminar diffusion flame
. (2015), http://dx.doi.org/10.1016/j.jtusci.2015.12.007
The principal application modified to accomplish this
work is called ReactingFOAM. The turbulence flow is
based on the RAS simulation model.
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Table 1
Equation constants of soot transport [8].
Constant Value Dimension
Cα Nucleation constant 6.54 × 104 kg−2 m3 s−1 K−1/2
Cβ Coagulation constant 1.3 × 107 m3 s−1 K−1/2
Cγ Surface constant 1.0 × 10−4 kg−2 m3 s−1 K−1/2
NA Avogadro’s number 6.022 × 1023 at mol−1
ρsoot Density of soots 1800 kg m−3
Cδ Nucleation coefficient 144 –
Tα Activation temperature of nucleation 46100 K
Tγ Activation temperature of increase 12600 K
Sct Schmidt number 0.7 –
X 0.
2
o
e
c
t
s
t
d
c
c
c˜
Fu mole coefficient 
.1.  Equations  that  govern  ﬂow
The model of this simulation is based on the use
f Navier Stokes laminar equations. These fundamental
quations govern the flow of fluids under the principles of
onservation of mass, of quantity of movement (momen-
um), of chemical species and energy. The resulting
ystem of equations is closed using the constitutive equa-
ion linking the stresses applied to the fluid with itsPlease cite this article in press as: A. Mbainguebem, et al. CFD stu
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eformation. Writing these equations with the use of the
losure operation based on Boussinesq’s concept of vis-
osity and also by taking into account the fact that the
alculation is done in two dimensions.
Fig. 1. Axi-symetric geometry and calculate domain [12]. 07
2.2.  Soot  transport  equations
The soot production model was written by Syed et al.
[16] and by Moss et al. [6]. It is based on concentration
n and volume fraction fv of soot. Transport equation is
formed from mass concentration (ρsootfv) and also from
density of soot (ns/NA) by:
The equation of average concentration of soot:dies of soot production in a coflow laminar diffusion flame
. (2015), http://dx.doi.org/10.1016/j.jtusci.2015.12.007
∂(ρns)
∂t
+ ∂(ρujns)
∂xj
= ∂
∂xj
(
ut
Sct
∂ns
∂xk
)
+  ρw˙ns (1)
(a) Axi-symetric geometry, (b) numerical domain.
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r meshiFig. 2. Temperature and velocity profiles of sensibility test fo
The equation of average volume concentration of
soot:
∂(ρfv)
∂t
+ ∂(ρujfv)
∂xj
= ∂
∂xj
(
ut
Sct
∂fv
∂xj
)
+  ρρw˙fv (2)
The source terms that describe the physicochemical
and soot production phenomenon by nucleation, coagu-
lation and surface growth are evaluated by the following
expression:
3 1/2 −T /T 1/2 n2sPlease cite this article in press as: A. Mbainguebem, et al. CFD stu
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ρw˙ns =  NACαρ T XFue α︸  ︷︷  ︸
nucleation
−  ρCβT
NA︸  ︷︷  ︸
coagulation
(3)
Fig. 3. Contour of temperature for 0.1 g and 0.25 g. (a) Temperature
(0.1 g), (b) temperature (0.25 g).ng of 0.1 g value. (a) Velocity profile, (b) temperature profile.
ρw˙fv = Cγ
ρ
1/s
soot
n1/3s f
1/2
v ρ
2T 1/2XFue
−Tγ/T
︸  ︷︷  ︸
surface growth
+ CαCδ
ρsoot
ρ3T 1/3XFue
−Tα/T
︸  ︷︷  ︸
nucleation
(4)
where the constants Cα, Cβ, Cγ , the activation temper-
ature, Tα, and the Avogadro’s number NA are represented
in Table 1.
2.3.  Implementation  of  soot  model  in  OpenFOAM
Eqs. (1)–(4) of soot transport are implemented in
OpenFOAM by the use of temporary derivative algebraicdies of soot production in a coflow laminar diffusion flame
. (2015), http://dx.doi.org/10.1016/j.jtusci.2015.12.007
operations ddt(), divergence div(), laplacian laplacian()
(which respectively explains the instationaries, the con-
vection, and the diffusion of soot).
Table 2
The inlet value and outlet value of variable.
Variable Inlet Outlet
Fuel mass flow 3.71 × 10−6 0
Air mass flow 2.214 × 10−4 0
Fuel temperature 300 300
Air temperature 700 300
Kinetic energy 3.83 × 10−6 Zero gradient
Concentration 0 0
Volume fraction 0 0
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for (0.1
t
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d
h
d
iFig. 4. Vertical temperature and velocity profile 
This implementation is carried out by the declara-
ion and definition of variables n, fv and the constants
n a file named createFields.H. As for the source file
onstants, are found in the constant repertory. The
ollowing FvEqn.H source file has been created then
ncorporated in the principal program of the mareact-
ngFoam.C.
.  Conﬁguration  studied
In this part, the configuration of an axi-symmetric [13]Please cite this article in press as: A. Mbainguebem, et al. CFD stu
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iffusion flame made of two concentric vertical tubes
ave been simulated under different micro gravity con-
itions. The combustion system considered in this work
s the unsteady laminar diffusion flame in a confined
Fig. 5. Vertical temperature and velocity profile for (0.2 g). (a) Temperature profile, (b) velocity profile.
physical environment. The fuel (methane) is admitted
through a central jet in a tube and air is admitted through
an external tube as shown on the Fig. 1(a). The fuel tube
inner diameter is 1.27 cm and that of the external air tube
is 5.04 cm. A cylindrical shield defines an impermeable
boundary (wall) of the axi-symmetrical system.
4.  Boundary  conditions
Good use of boundary conditions permits to rapidly
get closer to the convergence limit. They prescribe valuesdies of soot production in a coflow laminar diffusion flame
. (2015), http://dx.doi.org/10.1016/j.jtusci.2015.12.007
dependent on variables values and those that condition
the flow of heat on the surface. Hence the fuel and air are
injected at the entry with flow rates of 3.71 ×  10−6 kg/s
and of 2.214 ×  10−4 kg/s respectively (Table 2). The
5 g). (a) Temperature profile (b) Velocity profile.
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 for (0.5 g). (a) Temperature profile, (b) velocity profile.
Table 3
Maximum sensibility test values of temperature and velocity.
Cell number 60 × 50 85 × 82 100 × 90
Tmax (K) 2397.64 2393.21 2393.34
U (m/s) 2.89 2.80 2.78Fig. 6. Vertical temperature and velocity profile
injection temperature of the pre-heated air is at 700 K
while that of the fuel is maintained at ambience. The
outlet of the study area is open to the atmosphere. The
area of study is represented by Fig. 1(b).
5.  Results  and  discussion
5.1.  Sensibility  studies
Quality of meshing is necessary to obtain a good
convergence of numerical calculations and good results.
Thus various meshes compose of accuracy densities ofPlease cite this article in press as: A. Mbainguebem, et al. CFD stu
under conditions of micro-gravity in fire safety, J. Taibah Univ. Sci
cells were tested with a view to establish a good com-
promise between the results and the time required for
the calculation to converge. Otherwise various density
meshes have been tested (60 ×  50; 85 × 82; 100 × 90)
Fig. 7. Vertical temperature and velocity profile for (0.75max
by comparing the axial evolution of different speed pro-
files (Fig. 2(a)) and temperature (Fig. 2(b)) under the
identical conditions of calculations (0.1 g). Results are
observed on velocity profiles represented by Fig. 2(a) anddies of soot production in a coflow laminar diffusion flame
. (2015), http://dx.doi.org/10.1016/j.jtusci.2015.12.007
(b). Table 3 presents maximum temperature and velocity
values which are outcomes of calculation.
According to Fig. 2(a) and (b), we notice that the
number of mesh 85 ×  82 and 100 ×  90, the evolution of
 g). (a) Temperature profile, (b) velocity profile.
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rFig. 8. Vertical temperature and velocity profile 
rofiles and maximum velocity and temperature values
re very close, while those for 60 ×  50 grid spread out
ignificantly from the previous values. Which explains
hat a light mesh can induce lost of information. Thus,
he 85 ×  82 mesh responds better to the manner of com-
utation time than the 100 ×  90 which presents a good
rrangement for our calculations.
.2.  Numerical  investigation
Soot formation in an axi-symmetrical confined lami-Please cite this article in press as: A. Mbainguebem, et al. CFD stu
under conditions of micro-gravity in fire safety, J. Taibah Univ. Sci
ar diffusion flame was simulated with 5 different gravity
alues: 1.0 g (normal gravity value) and 4 other values
ith reduction factors of 0.1 g; 0.25 g; 0.5; 0.75 g. The
esults obtained are represented in a temperature and
Fig. 9. Temperature and vertical velocity profiles after the code m g). (a) Temperature profile, (b) velocity profile.
axial velocity profile at each gravity value in Figs. 4–8.
This permits us to know at which value of gravity soot
formation is preponderant in order to take into account
its influence in the investigation of the fight against soot.
For curves, those in red circle represent our calculations
results obtained with the reactingFoam solver and that
in green triangles are curves of Arup numerical results.
For gravity values of 0.1 g and 0.25 g (Fig. 3(a) and
(b)), we observe a weak variation of temperature with
respect to gravity.
In Figs. 4 and 5, the Arup curves have practically the
same maximum temperature values for the two gravitydies of soot production in a coflow laminar diffusion flame
. (2015), http://dx.doi.org/10.1016/j.jtusci.2015.12.007
values; the curves representing our results equally have
the same maximum values. On velocity profiles, it was
observed that the maximum peak for the two curves of
odification. (a) Temperature profile, (b) velocity profile.
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odificatFig. 10. Volume fraction and concentration profiles for soot after m
volume fraction profile, (b) soot concentration profile.
weak gravity values is 1.2 m/s with a strong evolution,
which is very weak with respect to our peak value of
2.75 m/s.
From gravity values of 0.5 g and 0.75 g, we observe
that the speed of formation of soot evolves considerably.
The axial temperature values always remain the same.
This velocity evolution [13] is also observed on our
results in Figs. 7(b) and 6(b) for velocity and in
Figs. 6(a) and 7(a) for temperature.
Fig. 8(a) and (b) shows temperature and velocity evo-
lution for 1.0 g. At this gravity, the maximal velocity wasPlease cite this article in press as: A. Mbainguebem, et al. CFD stu
under conditions of micro-gravity in fire safety, J. Taibah Univ. Sci
3.58 m/s for Arup and 3.2 cm/s for our results.
Fig. 9(a) and (b) represents the temperature and veloc-
ity profiles after the modification of the source code by
Fig. 11. Volume fraction and concentration profiles for soot after modificat
volume fraction profile, (b) soot concentration profile.ion of the code and taking the coefficient C = 1.0 × 10−4. (a) Soot
implementing soot transport equations. In Fig. 9(a), we
observe that the maximum temperature value for the dif-
ferent values of gravity is about 2410 K meanwhile, it
was 2423 K. On the other hand, in Fig. 9(b) the velocity
remains unchanged.
The modification of volume and concentration frac-
tions of soot realized by Fig. 10(a) and (b), Fig. 11(a)
and (b) for different values of gravity compared to those
of normal gravity were results obtained after resolving
soot equations implanted in the code. From the results
obtained, maximum volume fractions varies betweendies of soot production in a coflow laminar diffusion flame
. (2015), http://dx.doi.org/10.1016/j.jtusci.2015.12.007
7 ×  10−8 and 8.3 ×  10−8 when the coefficient C of the
surface growth term is taken at 1.0 ×  10−4 and between
3.5 ×  10−6 and 4.5 ×  10−6 when the coefficient C of the
ion of the code and taking the coefficient C = 1.0 × 10−1. (a) Soot
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urface growth term is taken at 1.0 ×  10−1. Soot concen-
ration generally varies from 8 ×  1016 to 9.3 ×  1016.
On the other hand, Olson et al. [2] observed that tem-
erature emission varied between 1450 K and 1550 K
nd the volume fraction from 2 to 11 ×  10−6. For Syed
t al. [16], temperature varied from 2000 K to 2100 K
nd the volume fraction from 2 to 25 × 10−8 depend-
ng on the height of the flame. McEnally et al. [17],
he maximum experimental volume fraction of soot is
.85 ×  10−7 and its numerical value is 1.0 ×  10−6. Bijan
t al. [12] observed that the constant maximum tempera-
ure was 2400 K and the maximum volume concentration
as 65 ×  10−8.
The comparison of our result to others shows a
ood understanding and proves that the code is sus-
eptible to foresee the behavior of soot in fire safety
ituation.
.  Conclusion
Finally, the result of this numerical simulation shows
hat as gravity increases, so does the soot’s velocity
ormation but temperature remains unchanged. The max-
mum peak of soot volume fraction varies between
 ×  10−8 and 8.3 ×  10−8 for the coefficient C for sur-
ace growth taken at 1.0 ×  10−4 and between 3.5 ×  10−6
nd 4.5 ×  10−6 while C is at 1.0 ×  10−1. Soot concen-
ration generally varies from 8 × 1016 to 9.3 ×  1016. The
aximum temperature value for the various gravity val-
es is about 2410 K after implementing the soot model
eanwhile it was 2423 K before the modification of the
ode.
This work contributes to the development of the code
nd results show that OpenFOAM is capable of fore-
eeing the phenomenon that interferes during fire. It is
usceptible in reproducing phenomenon relative to soot
roduction. On the other hand, the use of the oxidation
erm in soot transport equations can improve the results
o its best.
ppendix  A.  Source  Program
vEqn.H
olScalarField alphat(“alphat”, turbulence→mut ()/Sct);
/Concentration of sootPlease cite this article in press as: A. Mbainguebem, et al. CFD stu
under conditions of micro-gravity in fire safety, J. Taibah Univ. Sci
vScalarMatrix NEqn
vm::ddt (rho, n)
fvm::div (phi, n)
vm::laplacian (alphat, n)
= PRESS
versity for Science xxx (2015) xxx–xxx 9
(((Calphat*No*pow (rho, 3)*sqrt(T)
*Xc*exp(-Ta/T))/A)
-((A*(rho*Cbeta*sqrt(T)
*sqrt(n))/No)))
+fvOptions(rho, n)
);
NEqn.relax();
fvOptions.constrain(ENqn);
NEqn.solve ();
fvOptions.correct(n);
//volumetric fraction of soots
fvScalarMatrix FEqn
(
fvm:: ddt (rho, fv)
+fvm:: div (phi, fv)
-fvm:: laplacian (alphat, fv)
==
R*(((Cdelta/rhosoot)*Calpha*pow (rho, 3)
*sqrt(T)*Xc*exp(-Ta/T))
+((Cgamma/pow(rhosoot,1/3))
*sqrt(rho)*pow (n, 1/3)*pow(fv, 2/3)
*sqrt(T)*exp(-Tgamma/T)))
+fvOptions (rho, fv)
);
FEqn.relax();
fvOptions.constrain(FEqn);
FEqn.solve ();
fvOptions.correct(fv);
}
The constants A and R were defined for homogenous
dimensions of the equations such as: A = 1 mol−1 and
R = 1 kg.
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